In the Haut-Allier region (French Massif Central), a Variscan inverted metamorphic sequence is made up by crustal nappes. A high-grade Upper Gneiss Unit (UGU) was thrusted over a Lower Gneiss Unit (LGU) and an amphibolite--facies para-autochthonous Micaschist Unit (MU). Growth-zoned garnets with distinct Mn-Mg-Fe-Ca and trace-element zonation trends occur in kyanite garnet gneisses at Agnat (UGU). The porphyroblasts have been characterised by automated energy-dispersive X-ray spectral mapping with SEM, by electron microprobe and LA-ICPMS analyses. Microstructurally-controlled geothermobarometry based on cation exchange and net transfer reactions was used to reconstruct a syn-deformational and clockwise P-T path for garnet crystallization in the UGU. The P-T path passed maximal pressures at 700 °C/13 kbar and then maximal temperatures at ~800 °C/11 kbar in the stability field of kyanite + K-feldspar. The final stage of the P-T path is a marked decompression from 10 to 5 kbar at 700-750 °C. The timing of this P-T evolution in the UGU has been constrained by electron-microprobe Th-U-Pb monazite dating (CHIME). A detailed interpretation of ages and Y-contents of monazites enclosed in a syncrystalline-rotated Mg-rich garnet allowed to relate a marked pressure decrease along a late stage of the P-T path to ~330 Ma. Simple 1D forward numerical modeling with variations of vertical velocity and geothermal gradient confirmed that the onset of monazite crystallization at ~360 Ma should give a maximal age of the early P-T evolution. A distinct group of Y-rich monazites could be the relic of this Late Devonian event. Most monazite ages from the UGU, the LGU and the MU in the Haut-Allier region range between 360 and 320 Ma, with isochrons for single samples giving ages from 332 to 338 Ma. The prograde-retrograde P-T-t evolution in the UGU appears as an independent Early Carboniferous metamorphic cycle, which was related to a continental collision. It post-dated a Silurian HP-(UHP) event and a subsequent Early Devonian migmatization in the UGU.
Upper Gneiss Unit, preserve record of several metamorphic stages: (1) a Late Silurian 430-390 Ma high-pressure (HP) or ultra high-pressure (UHP) metamorphic event, (2) a Devonian (385-380 Ma) high-grade metamorphism with migmatization and (3) a Late Devonian to Early Carboniferous (360-350 Ma) amphibolite-facies to high-grade metamorphism (Faure et al. 1997 (Faure et al. , 2005 (Faure et al. , 2009 .
Contrasting thermotectonic models have been proposed to explain these metamorphic stages. A two-cycle tectonometamorphic evolution model combined the events (1) and (2) into a first cycle (Eo-Variscan), whereas the event (3) was ascribed to a second orogenic cycle (Faure et al. 1997; Roig and Faure 2000; Pin and Paquette 2002; Faure et al. 2005; Bellot and Roig 2007; Faure et al. 2009 ). Some of the main arguments for this model are a Devonian back-arc spreading, the observation that HP rocks were already exhumed before the Middle Devonian in the Morvan region (Faure et al. 1997) , and a Middle Devonian anatexis in the Upper Gneiss Unit (Duthou et al. 1994; Faure et al. 2008) . In contrast, one-cycle mod-
Introduction
Structural, petrological and geophysical data have shown that the French Massif Central was part of the Variscan tectono-metamorphic history which involved subduction and continental collision of Laurussia with Peri-Gondwana and Gondwana-derived microcontinents (Armorica, Avalonia) in between (Burg et al. 1984; Ledru et al. 1989; Santallier et al. 1994; Matte 2001; Faure et al. 2005 Faure et al. , 2008 Faure et al. , 2009 Kroner and Romer 2013) . Five principal nappe units (from top to bottom: Brévenne and Génis, Thiviers-Payzac, Upper Gneiss, Lower Gneiss, and Para-Autochthonous units) have been identified in the internal part of the French Massif Central, as outlined in Ledru et al. (1994) and Faure et al. (2005 Faure et al. ( , 2009 . Some of the allochthonous units (Fig. 1a) can be traced to the W into the South Armorican Domain (Ballèvre et al. 2009 ). This nappe pile was thrusted over an unknown Upper Proterozoic basement with a Pre-Carboniferous cover in some parts (Faure et al. 2009 ). Some of the nappes, especially the els (Brun and Burg 1982; Burg et al. 1987; Ledru et al. 1994; Matte 2001 ) involved a single P-T-t path for all tectonic units during a long and progressive subduction, followed by exhumation of the HP rocks and a collision with migrating directions of thrusting. This paper reports detailed chemical model (CHIME) Th-U-Pb monazite ages and geothermobarometric data of a prograde-retrograde P-T path section from a kyanite garnet gneiss in the Upper Gneiss Unit of the Haut-Allier area. A combination of conventional geothermobarometric data with monazite ages and mineral chemistry is used to reconstruct the P-T-t evolution. Simple forward numerical modeling further constrains the P-T-t path. This provides further arguments for discrimination between the one-and two-orogenic-cycle concepts of the Variscan evolution in the French Massif Central.
Geological setting and sampling sites
The five principal nappes in the French Massif Central can be distinguished as follows:
The uppermost allochthon includes epizonal to lowgrade Cambrian to Devonian formations but also amphibolite-facies series as in the Thiviers-Payzac Unit (Bellot and Roig 2007; Duguet et al. 2007; Melleton et al. 2010) . Migmatitic high-grade gneisses with HP and UHP relics and the basal leptyno-amphibolitic complexes in the Upper Gneiss Unit (UGU, unité supérieure des gneiss) were thrusted over anatectic gneisses in the Lower Gneiss Unit (LGU, unité inférieure des gneiss). These nappes overlie the Para-Autochthonous units, which are mainly composed of quartzites, micaschists and scarce Ordovician orthogneisses. No early high-pressure relics are observed in the Para-Autochthonous units, which variably underwent lower and upper amphibolite-facies metamorphism (Ledru et al. 1989 (Ledru et al. , 1994 Quenardel et al. 1991; Santallier et al. 1994; Faure et al. 2005 Faure et al. , 2009 . The thrusting of the UGU over lower grade units is considered to be responsible for an inverted metamorphic stratigraphy ("inverted metamorphism") which is widespread and typical of several regions in the French Massif Central, such as the Aigurande (Rolin and Quenardel 1980) , Marvejols (Briand 1978) , Rouergue (Burg et al. 1989) , Limousin (Friedrich et al. 1988; Roig and Faure 2000; Bellot and Roig 2007) , Haut-Allier (Marchand 1974; Burg 1977; Burg et al. 1984; Schulz et al. 1996) and La Sioule (Faure et al. 1993; Schulz et al. 2001; Schulz 2009 ).
Among the nappes, the UGU was affected by a Late Silurian HP (or UHP) metamorphic event D 0 , which has been dated at 430-390 Ma in various parts of the French Massif Central (Paquette 1987; Pin and Peucat 1986; Bouchardon et al. 1989; Lardeaux et al. 2001) . In both gneiss units (UGU, LGU), the HP stage was followed by a high-grade metamorphism with migmatization, dated as Middle , with a top-to-SW thrusting event D 1 (Duthou et al. 1994; Roig and Faure 2000; Cocherie et al. 2005; Faure et al. 2005) . The Late Devonian to Early Carboniferous (360-350 Ma) D 2 event in the French Massif Central is characterized by a NW-SE-trending lineation, a top-to-NW ductile shearing with thrusting, and a syntectonic amphibolite-facies to high-grade metamorphism (Roig and Faure 2000; Pin and Paquette 2002; Bellot and Roig 2007; Faure et al. 1997 Faure et al. , 2005 Faure et al. , 2009 ). The Visean D 3 event was a top-to-thesouth ductile shearing, evidence of which is widespread in the southern Massif Central. Coevally, in the northern Massif Central, the D 3 event corresponded to the onset of syn-orogenic extension. Subsequent two Late Carboniferous events, D 4 and D 5 , took place under syn-and late orogenic extensional tectonic regimes (Mattauer et al. 1988; Malavieille et al. 1990; Malavieille 1993; Faure et al. 1993 Faure et al. , 2002 Faure et al. , 2009 Faure 1995) .
In the Haut-Allier area ( Fig. 1) , two major tectonic discontinuities of the Devonian to Lower Carboniferous thrusting stage are marked by HT mylonites. The Haut-Allier thrust divides the overlying UGU from the LGU around the anticline of Massiac-Mercoeur with the Ceroux orthogneiss (Fig. 1b, c) . To the south, the highgrade leptyno-amphibolite group of the UGU overlies amphibolite-facies metapelites of the Micaschist Unit (MU) along the Nord-Margeridien thrust (Fig. 1c) . In several geological sketch maps, these micaschists are assigned to the LGU (Ledru et al. 1989 (Ledru et al. , 1994 Faure et al. 2009 ). However, they show different lithology, mineral assemblages and metamorphism in the Massiac-Mercoeur anticline. The micaschists can be regarded as a part of the Para-Autochthonous Unit at the base of the nappe pile (Schulz et al. 1996; Faure et al. 2009 ). A main foliation S 2 of micaschists and gneisses in all Haut-Allier metamorphic units is axial-planar to isoclinal F 2 folds. The stretching lineation L 2 runs parallel to the F 2 and F 3 axes in a NW-SE direction. Lineations with a SW-NE trend are restricted to the Ceroux region. Foliation S 2 as well as the HT mylonite foliation of the thrusts between the lithotectonic units were deformed by F 3 folds. The largescale F 3 folds with NW dipping axes are accompanied by a crenulation lineation L 3 (Marchand et al. 1985 .
Garnet-bearing metapelites belonging to the Micaschist Unit are abundant to the south of the NordMargeridien thrust. The samples from Le Boussillion (LBou2-13, R 1531 000, H 4987 350) and L'Arbre Redon (Arb1-8, R 1528 750, H 4987 500) bear staurolite and sillimanite apart from garnet, plagioclase, mica and quartz. The sample from Chazettes (Cht, R 1534 050, H 4985 450) has staurolite, kyanite and sillimanite. Samples from Lesbinières (Les, R 1534 050, H 4986 050) contain staurolite with kyanite, sillimanite and andalusite, the latter has partially replaced the staurolite. Microstructural and mineral-chemical details, especially the garnet zonation and the P-T path reconstructions of the samples from the LGU and MU have been reported in detail in Schulz (1995) and Schulz et al. (1996) . The data reported here refer to the EMP monazite dating of these samples.
The LGU crops out in the Massiac-Mercoeur antiform, below the Haut-Allier thrust (Fig. 1c-d (1985, 1989) . HAHaut-Allier thrust, NM -Nord-Margeridien thrust.
LGU -Lower Gneiss Unit, MU -Micaschist Unit (parautochthonous), UGU -Upper Gneiss Unit.
limanite, biotite and very rare garnet are characteristic phases in the paragneisses. Local leucosomes of partial anatectic melting are observed. The intrusion age of the interlayered orthogneiss of Ceroux in the core of the anticline is at 406 ± 20 Ma (Bernard-Griffiths et al. 1980) . Garnet-bearing sillimanite biotite paragneisses of the LGU were sampled in fresh road cuts in autumn 1991 along the E11-RN9 to the south of Massiac (samples Mas-2, R 1516 250, H 5008 350; Mas-10, R 1514 000, H 5003 250). A HT garnet sillimanite biotite mylonite (sample Chz-2, R 1538 700, H 4985 250) was taken at Chazelles in the Desges river valley (Schulz 1995; Schulz et al. 1996) .
The uppermost part of the UGU is mainly made up of anatectic gneisses with sillimanite, cordierite, K-feldspar, and K-feldspar-bearing granulitic kyanite garnet gneisses. Fine-grained grey gneisses, the orthogneiss of Pinols and numerous lenses of eclogites, amphibolites, pyrigarnites and peridotites occur in the leptyno-amphibolitic complex in the basal part of the UGU (Burg 1977; Marchand et al. 1985 Marchand et al. , 1989 . A U-Pb zircon age (423 ± 20 Ma) from a kyanite-bearing eclogite was interpreted to date a Silurian HP event (Ducrot et al. 1983) . A kyanite garnet gneiss horizon of the UGU was sampled in autumn 1991 at two locations along road cuts near the village Agnat. Two samples are from an outcrop next to the village Tridoulon, 1.6 km SE of Agnat (AGN-1, AGN-6, R 1536 150, H 5020 250). One specimen is from the location Sarniat (AGN-SAR, R 1534 600, H 5022 250), 1.2 km NW of Agnat. Thin section inspection revealed very similar mineralogy, mode (Tab. 1) and microstructures in all specimens. 1) The XMOD is a single-spot point counting for mineral mode analysis, based on ~ 100,000 EDX spectra collected at a 10 µm step in a complete thin section (Tab. 1), 2) The SPL routine combines a backscattered electron (BSE) grey colour value and single-spot EDX-ray spectral analysis for the detection of rare phases such as monazite within their surrounding phases. One receives a catalogue of all monazite intermineral relationships (e.g. Fig. 2c-e) , and 3) The GXMAP routine produces a narrow grid of ~ 1600 single EDX-ray spectra per mm 2 from minerals with defined shades of grey in the backscattered electron (BSE) image. Garnet and biotite were chosen as the target phases (Schulz et al. 2012) . For the classification of mineral phases and mineral compositions in XMOD, SPL and GXMAP measurements, a list of identified reference EDX-ray spectra was applied. This list was established by collecting spectra from matrix phases and along profiles in several zoned garnet porphyroblasts. These garnet reference spectra were also characterized by EDX-ray single-spot elemental analyses which revealed strong variations of Fe, Mg, Mn and Ca. In the next step, the reference spectra were labelled with the corresponding garnet Fe-Mg-Mn-Ca compositions. When the labelled spectra are arranged in a pretty colour scale, they correspond to semi-quantitative garnet zoning maps (Fig. 2a-b) . The GXMAP and SPL measurements allowed to select a few typical garnets out of dozens of porphyroblasts and to evaluate monazite grains for CHIME dating by quantitative WDS analysis with electron microprobe (EMP).
Analytical methods

Electron microprobe (EMP)
The mineral-chemical data from the samples listed above have been reported in detail in Schulz (1995) and Schulz et al. (1996) . The 900 analytical points on garnet, mica and feldspar from the previous study were complemented by further 600 microprobe analyses, enclosing more detailed garnet zonation traverses in the samples from Agnat in the UGU. The measurements on the silicate phases were performed with a JEOL JXA-8900-RL instrument at Institut für Werkstoffwissenschaften, TU Bergakademie Freiberg/Saxony at beam conditions of 15 kV, 20 nA, 2 µm, and with the corresponding ZAF correction procedures.
Laser Ablation-ICPMS
Trace-element analyses of garnet were carried out by a LA-ICPMS hosted at the former Institut für Mineralogie und Kristallstrukturlehre, University of Würzburg (Brätz and Klemd 2002) . The instrument was a single collector quadrupole AGILENT 7500i ICP-MS equipped with a 266 nm Merchantek LUV 266x laser. Argon was used as the carrier gas. The laser was adjusted to an energy of 0.25 mJ and a repetition rate of 10 Hz. Garnet profiles included 5-10 single shot craters with a diameter of 35 µm; the data were compared to the glass reference material standards NIST SRM 612 and SRM 614 (Jackson et al. 1992; Pearce et al. 1997 ). Silica of garnet rims known from electron microprobe analysis was used as the internal standard; an in-house standard garnet K23 allowed verification of the data. After signal quantification by the GLITTER 3.0 software, On-line Interactive Data Reduction for LA-ICP-MS Program of the year 2000 by Macquarie Research Ltd. (http://www.es.mq.edu.au/ GEMOC), the 1σ errors based on counting statistics from signal and background range around 29 % (Gd, 3.2 ± 1.1 ppm) and 14 % (Yb, 123 ± 18 ppm) depending on the absolute concentrations.
Electron microprobe (EMP) monazite dating
Electron-microprobe monazite Th-U-Pb dating is based on the assumption that concentrations of common Pb in monazite (LREE, Th)PO 4 are negligible when compared to radiogenic Pb resulting from the Th and U decay (Montel et al. 1996; Cocherie et al. 1998; Cocherie and Albarede 2001) . Electron-microprobe analysis of the Th, U and Pb concentrations in monazite, at a constant 238 U/ 235 U, allows for the calculation of a chemical model age (CHIME), albeit typically with a considerable error (Suzuki et al. 1994; Montel et al. 1996 ; Pyle et al. 2005; Jercinovic et al. 2008; Suzuki and Kato 2008; Spear et al. 2009 ). Analysis of Th, U and Pb for calculation of monazite model ages, as well as of Ca, Si, LREE and Y for corrections and evaluation of the mineral chemistry, were carried out on a JEOL JXA-8200 at Chair of Applied Mineralogy, University of Erlangen-Nuremberg. The M α1 lines of Th and Pb and the M β1 lines for U of a PETH crystal were selected for analysis. The analytical conditions were 20 kV acceleration voltage, 100 nA beam current and 5 µm beam diameter. The counting times were 320 s (Pb), 80 s (U) and 40 s (Th) on peak. For Pb, the 2σ errors ranged typically from 0.016 to 0.024 wt. % for the given dwell time, based on measurement of a reference monazite. The lines L α1 for La, Y, Ce; L β1 for Pr, Sm, Nd, Gd and K α1 for P, Si and Ca were chosen. Orthophosphates of the Smithsonian Institution were used Montel et al. (1996) . An interference of ThM γ on UM β was also corrected for by using a Th glass standard. The number of single analyses varied with the grain size of the monazites, e.g. 1-2 analyses in grains of < 40 µm and up to ten analyses in grains of 100 µm in diameter. The monazite chemical ages were determined by two approaches. First, for each single analysis, an age was calculated using the methods of Montel et al. (1996) . The error resulting from counting statistics was typically on the order of ± 20 to 40 Ma (1σ) for Palaeozoic ages.
Weighted average ages for monazite populations in the samples were then calculated using Isoplot 3.0 (Ludwig 2001) and are interpreted as the time of closure for the Th-U-Pb system of monazite during growth or recrystallization in course of metamorphism. Second, the ages were determined using the ThO 2 *-PbO isochron method (CHIME) of Suzuki et al. (1994) and Montel et al. (1996) , whereby ThO 2 * is the sum of the measured ThO 2 plus ThO 2 equivalent to the UO 2 . The age was calculated from the slope of the regression line in ThO 2 * vs. PbO coordinates forced through zero. In all analysed samples, the model ages obtained by the two different methods agree exceptionally well.
Mineral chemistry and geothermobarometry
In the kyanite garnet gneiss samples from the location Agnat in the Upper Gneiss Unit, biotite and kyanite define a weakly developed foliation S 2 in a granoblastic matrix composed of plagioclase, K-feldspar, quartz and garnet ( Fig. 2a-b ). Mineral modes in wt. % obtained by the automated XMOD routine with a SEM (reported above) and calculated assay from these mineral modes by involving mean mineral compositions are very similar in the three thin sections (Tab. 1). Plagioclase in the matrix is locally mantled by K-feldspar. Each thin section contains a large garnet porphyroblast which is accompanied by numerous smaller garnets, less than 1.5 mm across (Tab. 1, Fig. 2a-b) . The large garnets in samples AGN-SAR and AGN-1 display only slightly curved inclusion trails (Fig. 2a) . In contrast, the large garnet in sample AGN-6 shows strongly curved S-shaped inclusion trails of kyanite, plagioclase, K-feldspar, biotite, quartz and opaques in the core (labelled as S 1 i), and a double pressure shadow (or strain shadow) spiral (pss). The strongly curved S 1 i cuts across the pressure shadow double spiral. Such microstructures have been ascribed to a syn-tectonic crystallization of garnet, and more likely and precise, to porphyroblast rotation during crystallization (syncrystalline rotation, Schoneveld 1977; Passchier and Trouw 2005) . The assemblage during garnet crystallization was garnet, biotite, plagioclase, K-feldspar, quartz and kyanite. Fibrolitic sillimanite is rare and muscovite is almost absent. Surprisingly each of the large garnets displays different core-to-rim zonation trends. The sample AGN-SAR is characterized by a rimward decrease in Grs (grossular) and Sps (spessartine), while Prp (pyrope) increases ( Fig. 3a ; abbreviation of mineral names according to Kretz 1983) . In contrast, the syntectonic garnet AGN-6 is poorly zoned with a slight decrease of Grs and Prp at low Sps contents (Fig. 3b) . The large garnet in sample AGN-1 is also weakly zoned (Fig. 3d) . The GXMAP semiquantitative garnet compositional maps give evidence that many of the small garnets display a strong zonation with cores high in Grs and Sps (Fig. 2a-b ). These core compositions match that of the core of the large garnet AGN-SAR (Fig. 3a, c) . The rims of the small garnets display strongly decreasing Grs at increasing Prp contents. These rim zones have very variable widths even in neighbouring porphyroblasts . The modes of Ca-rich and Mg-rich garnet zones are quite similar in the three thin sections (Tab. 1).
From the appearance in the GXMAP spectral maps ( Fig. 2a-b) , the zonation profiles (Fig. 3a , c) and BSE images it cannot be excluded that some Grs-rich garnet core zones were consumed along their rims or underwent resorption prior to the overgrowth by the Mg-rich zones. Corresponding sharp steps of Mn and Ca in the zonation profiles (e. g. Spear 1993) are not obvious, but could be masked by the strongly decreasing Grs contents toward the rims, especially in the small garnets (Fig. 2b) . From the zonation profiles and ternary composition plots there are no hints that two distinct generations of garnet crystallised, as it has been described from Variscan polymetamorphic terranes (e. g. Gaidies et al. 2008; Schulz and von Raumer 2011) . As some of the large garnets display poor zoning, the question of a HT homogenisation of compositional profiles by diffusion may arise. Such a HT homogenisation would have severely affected the small garnet porphyroblasts. But these are still strongly zoned with well-preserved Mn-rich cores (Fig. 3c) .
It can be expected that the cores of large garnet porphyroblasts have recorded an early stage of crystalliza-tion. This should be also obvious from corresponding high Sps contents (observed especially in the sample AGN-SAR), as the Mn component is controlled by Rayleigh fractionation (Spear 1993) . Data from compositional profiles across both small and large garnets have been plotted in the Prp-Grs-Sps ternary diagrams (Fig.  4a-c) . For the samples AGN-6 and AGN-1, the data from the small grains complement those from the large garnets, forming an evolutionary trend which is very similar to the sample AGN-SAR. From this compilation it is also clear that the Mg-rich rims, as well as the Mg-rich, poorly zoned large garnet porphyroblasts represent a late stage of the garnet chemical evolution.
The trace-element profiles across the three large garnet porphyroblasts display high Y, HREE and Sc contents in the cores and low contents in the rims (Fig. 3e-g ). Apparently, for the individual porphyroblasts, they also follow a Rayleigh-type fractionation during garnet growth. Some minor variations in the trace elements in garnet rims could be explained by unintended analysis of small inclusions. The high-Ca and low-Mg early garnet core in sample AGN-SAR has the lowest trace-element contents among the three large porphyroblasts. In contrast, the low-Ca and high-Mg core of the late garnet in sample AGN-1 has the highest trace-element contents in its core.
The large garnet from sample AGN-6 takes an intermediate position among the trace-element core compositions. From GXMAPs and related mode analysis (Tab. 1) and major-element garnet zonation profiles it is known that in each sample the complete garnet chemical evolution which started with high-Ca and low-Mg cores occurred.
Thus, if only Rayleigh-type fractionation ruled the distribution of the trace elements, the late low-Ca highMg rich garnets should have lower trace-element contents than the high-Ca low-Mg early cores. This is clearly not the case. One can state that the successively high-to-low Ca contents in the cores of the large garnets correlate with low-to-high Y (Tab. 2). In contrast, for the low-tohigh Mg contents in the large garnet cores, a positive correlation with increasing Y and HREE can be seen. In consequence, the absolute initial Y and also HREE abundances in garnet cores appear to have been controlled by the corresponding Ca and Mg. This implies a dependence on metamorphic pressure and, especially, temperature, additional to a Rayleigh-type fractionation, as has been outlined by Foster et al. (2000) and Pyle et al. (2001) and implemented in geothermometers.
Distinct single garnet analyses which define the general mineral-chemical evolution trends in Schulz et al. (1996) . Numbers mark garnet analyses selected for geothermobarometry. e-g -Trace-element (sum of HREE, Y and Sc) profiles across large garnets (see text). h-i -Ages (in Ma), Y 2 O 3 and ThO 2 contents of small monazite inclusions in syntectonic garnet (Fig. 7a) . The monazite inclusions are projected along the rim-core-rim analytical section.
2a, 3a-d, 4a-c, 7a) and used for geothermobarometry. Biotite enclosed in garnet is considered to be early; biotite along S 2 or in pressure shadows around garnet should have crystallised at a later stage. Similarly, early stages of mineral chemical evolution are given by plagioclase enclosed in garnets, or the cores of zoned plagioclase porphyroblasts. The late-stage crystallization is documented from plagioclase aligned along S 2 or in the rims of zoned porphyroblasts. The early biotites which can be related to the Mg-poor and Mn-rich garnet cores have X Mg between 0.56 and 0.53 and are slightly different in each sample. The X Mg in biotite slightly decrease with the increase of Mg in garnet (Tab. 3). In plagioclase of sample AGN-SAR one observes first decreasing Ca contents (An 24-16 ), then rising again (22) (23) (24) (25) (26) (27) (28) ). In samples AGN-6 and AGN-1, these variations between the plagioclases enclosed in garnet cores and in zoned matrix porphyroblasts are less pronounced (Tab.
3). One can relate the mineral chemical data from biotite and plagioclase to the garnet compositional evolution for the early and late stages of crystallization. This corresponds to criteria for the definition of local equilibria based on microstructural observations and the chemical evolution of the mineral phases (Triboulet and Audren 1985; Schulz 1993; Schulz et al. 2001) . Such localised equilibria within low-variance assemblages allow evaluating P-T changes for the consecutive stages of garnet growth by geothermobarometry (Spear 1993). Mica and plagioclase of S 1 i in garnets or in inclusions were related to early, and syn-S 2 mica and plagioclase to late stages of garnet growth. Inclusions in different sites (core, intermediate zone, rim) of garnets were assigned to the corresponding parts of the porphyroblasts. Rims of zoned plagioclase, unzoned plagioclase and S 2 -biotite were correlated to the garnet rims, but excluding the outer parts of the rims with increase in Mn. Such mineral pairs of garnet-biotite and garnet-plagioclase, as described in Schulz et al. (1996) and presented in Tab. 3, were used for geothermobarometry. The P-T conditions for crystallization of garnets have been calculated using the garnet-biotite thermometer of Bhattacharya et al. (1992) Arrows indicate core-to-rim (c, r) zonation trends compiled from several single garnet profiles in each sample. Numbers are garnet analyses selected for geothermobarometry from compositional profiles in Fig. 3 . d-f -P-T data and P-T paths from Agnat kyanite garnet gneisses, Upper Gneiss Unit.
Numbers on P-T data refer to garnet analyses in a-c and in Fig. 3 . Bold crosses mark results and uncertainty of ± 50 °C/1.0 kbar for a combination of a garnet-biotite geothermometer (Grt-Bt) and the garnet-aluminosilicate-plagioclase-quartz geobarometer (GASP). For defined mineral pairs, see Tabs 2 and 3. P-T path sections from large garnets are in green. Aluminosilicate and muscovite-out univariant lines are after Spear (1993).
quartz (GASP) barometer, based on an internally consistent thermodynamic data set (Holland and Powell 1990) , with the activity models for garnet (Ganguly et al. 1996) and plagioclase (Powell and Holland 1993 Thermobarometric data from the three Agnat samples reveal an overall clockwise P-T path. The individual P-T path segments from each single sample do not all overlap, but they can be combined into a prograde-retrograde P-T evolution. An early prograde P-T development from 600 °C/8 kbar to 700 °C/13 kbars is documented in garnet cores in samples AGN-SAR and AGN-1 (Fig.  4d, f) . Maximal pressures were followed by maximal temperatures at 800 °C/11 kbar. A segment of nearly isothermal decompression from 10-5 kbar at 700-750 °C is obvious in all three samples. The formation of the syncrystalline-rotated garnet in sample AGN-6 occurred at this stage (Fig. 4b, e) . In sample AGN-1, the poorly zoned large garnet recorded a final increase of tempera- (Fig. 4a-c) ; some analyses are from cores and rims of large porphyroblasts (bc, br). Cations are normalised to 12 O. Trace-element analyses are from cores to rims of the large porphyroblasts.
ture (700-750 °C) at slightly decreasing pressures from 6 to 5 kbar (Fig. 4c, f) .
Two assumptions of equilibrium are critical to thermobarometry and also pseudosection calculations: (1) heterogeneous equilibrium was achieved and preserved within a given volume of rock, and (2) Fe-Mg exchange between garnet and biotite as well as Ca net-transfer from garnet to plagioclase ceased equilibrating at the same time.
When these basic assumptions are accepted, uncertainties of P-T paths calculated from the zoned minerals arise from quantitative systematic error in electron-microprobe analyses and thermodynamic data. Such errors will not affect the general shapes or relative positions of P-T paths. All geothermobarometric estimates include a minimum error of ± 50 °C and ± 1 kbar. The dependence of the calculated P-T path on garnets X Ca and X Mg evolution is intensified when corresponding micas and plagioclases have only slight compositional variations, or when X Mg in biotite and X Ca in plagioclase evolved oppositely to the corresponding X Mg and X Ca variations in garnets. Shapes or the relative P/∆T trends of P-T paths appear to be mainly preserved when the uncertainties regarding corresponding plagioclase and biotite are considered (Schulz et al. 2001) . Due to the preserved high-Mn cores in small garnet porphyroblasts, a high-temperature homogenisation by cation diffusion with its effects on geothermobarometry (Spear 1993) can be excluded. It has been suggested from thermodynamic modeling of garnet-bearing assemblages with staurolite, muscovite and chlorite that garnet should not crystallise and/or should be resorbed during isothermal uplift and uplift-cooling paths (e. g. Spear et al. 1990; Spear 1993) . The same but reduced effect should occur for garnet in an assemblage with kyanite and K-feldspar, lacking muscovite and chlorite, outside of the staurolite stability field (Spear and Pyle 2010). Partial resorption of garnet should result in gaps, breaks and marked steps of the P-T record. Such P-T path segments with potential garnet resorption are exemplified in some parts of the Agnat P-T evolution. At Agnat, one cannot exclude resorption of the Ca-and Mn-rich garnet zones when Ca strongly decreases toward the rims. Such possible artefacts of resorption would be masked at the decompression stage of the P-T path. It is also possible that simultaneous resorption and growth of garnet occur at different microstructural sites during heterogeneous deformation. Furthermore, one can state that at least the late large garnet in sample AGN-1 crystallised at increasing temperature and thus should give reliable P-T estimates for the end of garnet crystallization. As a consequence, the combined P-T data from the three Agnat samples complete the P-T path for the UGU, and set it apart from the P-T paths from the LGU and MU already presented in Schulz et al. (1996) . In each case, the P-T paths represent the best possible information that can be extracted from growth-zoned garnets and co-existing phases.
Monazite ages and mineral chemistry
Monazite in the samples from UGU, LGU and MU display variable contents of ThO 2 (3-10 wt. %: Fig. 5 , Tab. 4). But in most samples rather constant ThO 2 of ~5 wt. % are observed, regardless their age. Similar isochrons in ThO 2 * vs. PbO plots were found in the three nappe units. Isochron ages recalculated from all monazites in the UGU range between 332 and 337 Ma (Fig.  5a-c) . In the LGU, represented by the samples from Chazelles and Massiac (Fig. 5d-e) , the ages range between 333 and 339 Ma. Monazite ages from isochrons in the micaschist samples range from 332 to 338 Ma ( Fig. 5f-i) . Within the error, the ages of monazites in the matrix and enclosed in garnet overlap; however, the isochrons from the enclosed monazites are slightly older. In the U/Pb vs. Th/Pb coordinates, the general trend of monazite data in the UGU does not plot parallel to the 300 Ma isochron (Fig. 6a-c) . This is supported by detailed inspection of the monazite age distribution in histograms (Fig. 6d-f ). An upper limit of the monazite ages is at ~360 Ma in all three nappe units. Only a few monazites fall in the age group 370-400 Ma. This concerns single but also multiple analyses from single grains (Fig. 7b) . The age group between 300 and 320 Ma is also similar in all three units. The distribution of maxima in the dominant age group (Suzuki et al. 1994; Montel et al. 1996) . Weighted average ages (Ma) with MSWD and 2σ minimal error are calculated from single analyses (Ludwig 2001), whose numbers are also given. For sample locations, see Fig. 1b . between 325 and 340 Ma displays slight differences among the nappe units ( Fig. 6d-f ). Significant variations of HREE and Y in monazite with metamorphic grade were reported by Heinrich et al. (1997) , Pyle et al. (2001) , Spear and Pyle (2002) and Finger et al. (2002) . As the nappe units in the HautAllier region represent an inverted metamorphic zonation (Burg 1977; Burg et al. 1984) , with maximal temperatures ranging from ~800 °C in the UGU to < 680 °C in the MU (Schulz et al. 1996 ), it could be tested whether the Y 2 O 3 or the X(YPO 4 + GdPO 4 ) in monazite follow such a temperature-dependent trend. In the UGU samples, most monazites have less than 1.0 wt. % Y 2 O 3 . Monazites with very low Y 2 O 3 (< 0.5 wt. %) are dominant (Fig. 6g) . In the LGU one observes a bimodal distribution with a group at low (0.5-1.5 wt. %) and another one at elevated (2.0-3.0 wt. %) Y 2 O 3 contents (Fig. 6h) . Also in the MU a bimodal distribution can be recognised (Fig. 6i) with a dominant group of high-Y 2 O 3 monazites (1.5-2.5 wt. %). Thus, no general correlation between Y and also X(YPO 4 + GdPO 4 ) in monazite and metamorphic grade can be established in the inverted metamorphic sequence. Thus, an interpretation of monazite Y 2 O 3 in terms of metamorphic temperatures alone is difficult. On the one hand, increase of Y 2 O 3 in monazite should be correlated with increasing metamorphic grade when xenotime coexists (Heinrich et al. 1997 ). On the other hand, a low monazite Y content does not automatically indicate a low formation tempera- ture. It may also result from lack of Y, either because the host-rocks are Y-deficient, or because Y is retained by other minerals such as xenotime or (prevailing) garnet (Pyle et al. 2001) . In amphibolite-facies metapelites, a major pulse of monazite growth could be linked to the decompression breakdown of garnet (Pyle and Spear 1999; Pyle et al. 2001; Fitzsimons et al. 2005; Spear 2010) . The lacking correlation of monazite-Y and metamorphic grade in the studied samples could signalize that most of the monazites may have crystallized subsequent to garnet and after the thermal peak of metamorphism.
Tab. 4 Electron
Age constraints on the P-T path in the UGU
Linking monazite ages to a P-T path requires a detailed consideration of monazite ages and mineral chemistry, microstructures involving monazite and garnet, and the P-T record provided by the garnet Ca-Mg-Mn evolution in low-variance assemblage. All garnets in the Agnat samples were checked by the GXMAP mode. It turned out that the Ca-rich garnet cores in the three thin sections enclosed no monazite. Monazite with ages between 310 and 360 Ma, and occasionally older grains, occur only in the Mg-rich parts of the garnets. The syncrystalline-rotated garnet in sample AGN-6 encloses numerous monazites along the curved S 1 i and in the pressure shadow spirals (Fig. 7a) . A first assumption and interpretation could be that these monazite inclusions are older than the garnet and thus will provide an upper age limit for the onset of syntectonic garnet crystallization. However, in sample AGN-6, the ages of monazites enclosed in the large garnet vary between 309 and 338 Ma (Figs 3h, 7a) without a distinct trend from garnet core to rim. Furthermore, the isochron calculated from the monazite inclusions provides a slightly younger age (327 ± 15 Ma, Fig. 5a ) than the monazites from the matrix (338 ± 17 Ma). The main argument that enclosed monazites did not predate the crystallization and rotation of the garnet arises from the comparison of the Y contents in garnet and monazite. In garnet, the Y contents decrease rimwards and this trend is matched by the Y contents in the enclosed monazites (Fig. 3f, h ). Apart from xenotime (not present here, Tab. 1), garnet and monazite are the major Y fractionating phases in metapelites (Heinrich et al. 1997; Pyle et al. 2001; Spear and Pyle 2002) . As a consequence of these matching trends of Y, monazites could not have predated the garnet but should have crystallised at the same time as the syntectonic porphyroblast. An alternative interpretation is that the enclosed monazite crystallised later than the garnet and by involving a garnet-consuming reaction. In this case, the Y 2 O 3 contents in monazite mimic the Y zonation trend of its hosting phase. The ThO 2 (2.5-5.5 wt. %) and CaO (0.75-1.3 wt. %) contents in enclosed monazites increase toward the garnet rims (Fig. 3i) . As ThO 2 in garnet is below the detection limit of the LA-ICPMS, it appears questionable whether monazite ThO 2 reflects the concentration of this element in garnet. Thus, the weighted average of 327 ± 15 Ma of all monazite inclusions provides the correct, or at least the minimum age for syntectonic garnet crystallization in sample AGN-6. A different is the case of sample AGN-1: high-Y monazites with ages of > 360 Ma (weighted average is 384 ± 58 Ma) were enclosed by garnet (Fig. 7b, 8c, f) . Also, a few low-Y monazites with a similar range of ages (360-390 Ma) occur in the matrix, as well in the other samples (Fig. 8a-e) . They contrast with the numerous low-Y monazites of Carboniferous age (Fig. 6c-g ) hosted in matrix garnet of the same sample (Fig. 8f) .
As outlined above, for the Y fractionating phases in metapelites (Pyle et al. 2001; Spear and Pyle 2002) , the Devonian high-Y monazites should have crystallized prior to, or after, garnet. As the garnet mineral-chemical evolution in the Agnat samples started at low Mg and high Mn, thus at low temperatures, these old Y-rich monazites could be tentatively interpreted to mark an upper age limit for the onset of garnet crystallization.
Validation of P-T-t path by numerical modeling
While the Devonian (384 ± 58 Ma) high-Y monazites could mark a maximal age limit, the Carboniferous (327 ± 15 Ma, or ~ 330 Ma) monazites give an age for the late, syntectonic garnet in the UGU. These age limits (t) should be validated now for the inferred P-T evolution ( Fig. 4d-f ). Forward P-T modeling of tectonic and metamorphic histories especially in collision (Burov et al. 2001 ) and subduction (Gerya and Stöckhert 2006) scenarios involves a considerable list of parameters which are hampered by large uncertainties and thus need to be applied with broad variations. However, the validation of a given P-T-t evolution can be performed with less effort. The one-dimensional P-T modeling program METAMOD by Nicollet and Bernard (1999) has been applied. It allows simulating a P-T-t evolution by variations of the geothermal gradient (a), thermal diffusivity (κ), thermal conductivity (k), density (ρ), vertical velocity (Uz) and the internal heat production (A). For modeling of the P-T path in the UGU, general standard values for a continental crust as κ (9.26 × 10 -7 m 2 .s -1 ), k (2.5 W.m -1 .K -1 , ρ (2.7 × 10 3 kg.m -3 ) and A (0.5 µW.m -3 ) proposed by Nicollet and Bernard (1999) have been applied and kept constant. The geothermal gradient a and vertical velocity Uz were introduced as variables.
Values for the geothermal gradient were varied from 20 to 35 °C/km and increased progressively, as can be expected for clockwise P-T paths in a continental collision accompanied by crustal thickening (England and Thompson 1984) . Values for vertical velocity Uz were varied between -2.4 mm/year for burial and 6.0 mm/year for uplift. The general P-T path of the Agnat samples can be subdivided into several segments (Fig. 9a-b) . Each of them is characterised by the P-T conditions at its beginning and end, as marked in Fig. 9b . The pressure conditions of the segment starting point were introduced into METAMOD as recalculated depths, the temperature of the first segment starting point provided the initial geothermal gradient. Then, by iterative variations of the vertical velocity Uz and the geothermal gradient, a numerically modelled P-T path which met the conditions of the end point of the given segment was found. That way, each segment of the observed P-T path was approximated by its modelled equivalent. The time constraints for each of these modelled P-T path segments then were calculated by using the depths of the segment starting and end points and the corresponding vertical velocities Uz. The durations for all P-T path segments sum up to ~36 Ma, including the final uplift/cooling (Fig. 9b) . mark the age of the syntectonic garnet crystallization, the modeling implies the onset of the garnet crystallization at ~355 Ma (e.g. 330 plus 25 Ma - Fig. 9b ). Garnet crystallization could also have started later than ~355 Ma when Uz > 1 mm/a are introduced for the stage with uplift-heating followed by cooling. This modelled time frame (~355 Ma) also coincides with the beginning of pervasive monazite crystallization at ~360 Ma in the histogram view (Fig. 6d, 8a-c) . As a consequence, the interpretation of the Devonian high-Y monazites to have crystallised prior to the garnet is also confirmed. Furthermore, it is interesting to compare the P-T path from Agnat to the stability limits and the modelled modal isopleths of monazite which are mainly controlled by the bulk Ca contents (Janots et al. 2007; Spear 2010; Spear and Pyle 2010) . Even for low bulk Ca, the P-T path enters the monazite stability field at high pressures and markedly increasing temperatures (Fig. 9c) . Increasing modes of monazite can be expected during subsequent uplift/heating and also uplift/cooling (Spear and Pyle 2010). This coincides with the crystallization of the Mgrich parts of garnet ( Fig. 4a-d, 9c ).
Conclusions and implications to the Variscan metamorphic evolution
Geothermobarometry of the garnet-bearing assemblage in kyanite garnet gneisses revealed that the UGU in the Haut-Allier region underwent burial and uplift along a clockwise P-T path. The overall shape as well as maximal pressures and temperatures of the P-T path differ from observations in the LGU and MU (Schulz et al. 1996) . These findings match data from comparable terrains in the French Massif Central (Bellot and Roig 2007). Especially from the La Sioule region to the north were reported kyanite garnet gneisses with comparable microstructures, mineral assemblages, garnet Mg-Ca zonation trends, P-T path conditions and shapes, and monazite ages (Schulz et al. 2001; Schulz 2009 ). Thus, the P-T data confirm the idea of an inverted metamorphic gradient in the French Massif Central. It furthermore supports the concept of a maximal allochthony of the UGU (Burg and Matte 1978; Ledru et al. 1989 Ledru et al. , 1994 . The metamorphic evolution of the UGU at Agnat was syntectonic, as documented by inclusion trails S 1 i in garnet. Monazites at around ~330 Ma enclosed in a syncrystalline-rotated Mg-rich garnet porphyroblast could mark a late stage of the P-T path with isothermal decompression. The early and prograde stage of the P-T path with crystallization of Mn-and Ca-rich garnet could be correlated to the onset of pervasive monazite crystallization at ~360 Ma. Devonian high-Y monazites enclosed in the garnet should have predated this P-T evolution (Fig. 9c) (Fig. 4d-f ), combined into a general P-T path for the Upper Gneiss Unit. b -Its subdivision into distinct P-T segments, each with its own starting and end points. Arrows are modelled sections of P-T paths with distinct values of geothermal gradient in °C/km and vertical velocity in mm/a (see text). Bold numbers are estimated time spans (My) for each segment. c -General P-T path for the UGU from garnet-bearing assemblages in Agnat samples, marked with age constraints from monazite data (see text). (1) Maximal monazite age of beginning garnet crystallization, derived from numerical P-T path modeling. (2) Maximal monazite age of high-Mg garnet crystallization as derived from phase stability fields. Stability fields of monazite and allanite at different bulk-rock CaO contents (wt. %) according to Janots et al. (2007) and Spear (2010) . The xenotime (Xtm), aluminosilicate and muscovite-out univariant lines are after Spear (1993; . fault zone (Fig. 1a) . These ages were related to a synkinematic MP/MT metamorphism coeval to top-to-NW shearing, recognised as the D 2 event in the French Massif Central (Faure et al. 2009 ). The 360 Ma ages (Melleton et al. 2009 ) were contemporaneous with the onset of monazite crystallization in the Haut-Allier region. However, the predominant 340-330 Ma monazites of the current study (Fig. 6) have not been reported from the Limousin. Thus, applying the age constraints from monazites, the D 2 event in the Haut-Allier UGU should have lasted until the Viséan. Faure et al (2009) described a Viséan (D 3 ) top-to-S shearing especially significant for the southern parts of the French Massif Central. At Agnat this event could have started at high temperatures in the end of the garnet crystallization and proceeded during decompression cooling (Fig. 9c) . During D 3 , the UGU was thrusted upon the LGU and the MU.
The monazite ages and P-T-t path from Agnat do not approach the conditions (e. g. 17 kbar/700 °C) and the timing (430-390 Ma) of the HP-UHP, eclogite-facies event (Girardeau et al. 1986; Matte 1998; Pin and Vielzeuf 1988; Lardeaux et al. 2001; Bellot and Roig 2007; Faure et al. 2008 Faure et al. , 2009 . Therefore it can be excluded that the maximal pressure conditions of the P-T-t path reported here coincided with the Silurian HP event. Furthermore, the age constraints from monazites rule out that the syn-deformational P-T path from the kyanite garnet gneisses covered the HT conditions of the Late Devonian migmatization at 382 ± 5 Ma connected with uplift after a Silurian HP event (Faure et al. 1997 (Faure et al. , 2005 Cocherie et al. 2005) . Merely the high-Y, > 360 Ma old monazites in Agnat could be interpreted as remnants of such a Late Devonian event. However, during its final stage, the P-T-t path from Agnat passed the potential P-T conditions of anatectic melting at 700-750 °C/5 kbar (Fig. 9c) . As was demonstrated by the monazite ages from the syncrystalline-rotated garnet, these anatectic conditions postdated ~330 Ma and should have corresponded to a Late Visean thermal event (post-340 Ma), as reported by Faure et al. (2002) and Couzinié et al. (2014) , and already stated by Nicollet et al. (1993) .
The numerical modelling of tectonic and metamorphic histories involving crustal rheologies at an active margin by Gerya and Stöckhert (2006) has demonstrated that HP-UHP conditions and Barrovian overprint can be potentially reached in an orogenic wedge above the subducting oceanic slab. This contrasts with other models which related HP-UHP conditions exclusively to continental collision (e.g. Burov et al. 2001; Chopin 2003) . The numerical modelling by Gerya and Stöckhert (2006) revealed that the shapes and maximal metamorphic conditions of the P-T paths depend on the initial position of samples in a cross section through trench-accretionary wedge-continental crust wedge-mega-mélange-arc crust. Dependent on the crustal rheology, in the megamélange position with a marble-cake like structure, the models also allowed multiple P-T loops. However, the modelled multiple P-T loops occurred at considerably lower temperatures, and within less than 10 My after the HP/UHP event, compared with Agnat (Gerya and Stöckhert 2006) . Therefore it appears unlikely that the Agnat P-T-t path was part of such a multiple-loop evolution in the mega-mélange of an active margin. In contrast, the time span, the clockwise shape and the increasing geothermal gradients characterise the P-T-t path from Agnat as typical of continental collision (e.g. England and Thompson 1984) . Therefore, the Variscan metamorphic evolution in the French Massif Central probably involved two separate phases: (1) the Silurian HP-UHP and the Devonian HT events that may have been related to distinct locations in an active margin evolution, involving oceanic subduction, and (2) the Early Carboniferous P-T-t path in the UGU, resulting from subsequent continental collision. Constrained by the monazite age data, the collision lasted until the Viséan. It included burial, uplift and a late HT metamorphism, top-to-WNW-and then top-to-S/SE-transporting tectonic events (Bellot and Roig 2007; Faure et al. 2009 ). Thus, the P-T-t data from Agnat in the UGU support a twoorogenic cycle model of the complex Variscan evolution in the French Massif Central. 
